Objective: T o design and evaluate a novel CT-free image-guided surgical navigation system for assisting placement of both acetabular and femoral components in total hip arthroplasty (THA).
INTRODUCTION
Optimal component placement continues to be a surgical challenge in total hip arthroplasty (THA), especially for the less-experienced surgeon. Dislocation and subluxation are still the most frequent early complications. Failure to achieve joint stability necessitates revision surgery in many cases, significantly increasing morbidity for the patient and cost to the healthcare system. Dislocation and subluxation have been well correlated to implant impingement caused by malpositioning of components. 1-3 Angular orientation, in terms of anteversiodantetorsion and inclination, has been identified as the related geometric key factor. In cases of retroversion, an impingement of the neck of the stem on the anterior rim of the cup can force a dislocation, and may lead to early component loosening and the need for revision ~u r g e r y .~ Although several safe zones have been described,5-8 anatomical differences between patients and functional activity make it difficult to establish general rules.9 In addition, deficiencies such as component loosening, excessive wear, and leg-length inequality have also been related to component p0sitioning.9-~* On the femoral side, the offset should be chosen so that it restores the offset of the normal hip. Fackler and Possl3 reported a significant increase in postoperative dislocations in cases where femoral offset was decreased by inserting the femoral component in valgus.
Equalizing the length of the limb is one of the principal objectives in THA, in addition to restoring the hip's anatomic center of rotation. Excessive lengthening of the operated limb may lead to abnormal gait, low back pain, and neurologic disorders. I4m15 Numerous methods for equalizing the length of the limb have been described in the literature. These methods may be preoperative, l6 intraoperative, [17] [18] [19] [20] or both.21 However, Williamson and Reckling reported subjective complaints requiring heel lifts on the unoperated side to gain a satisfactory gait pattern in 27% of cases,l5 while 8% of the cases reported by Knight and AtwateP showed more than 5 mm of lengthening.
In the past few years, a variety of computer assisted surgery (CAS) technologies have been introduced for total hip arthr~plasty.~.**.*~.~~.~* CT-based free-hand navigation systems use preoperative computer tomography (CT) as a "canned" reality, coupling optimized three-dimensional (3D) preoperative planning with accurate surgical navigation to assist the surgeon in properly orienting the acetabular component.23-ZDespite encouraging early clinical results and widespread enthusiasm, some drawbacks have been identified.26 Current criticism focuses on (a) the additional CT, which results in extra costs and additional radiation exposure for the patient: (b) the need for detailed preoperative planning: and (c) an intraoperative matching procedure that is difficult and timeconsuming, particularly for difficult morphologies, and which is subject to a noticeable leaming curve.
Robot-assisted ~ystems2~.*8 have been reported to increase the percentage of surface contact [Color figure can be viewed in the online issue, which is available at www.interscience. wiley.com.] between the implant and the bone, but only femoral stem planning and execution are supported.
A more recently introduced hybrid CT-free navigation system develokd by Langlotz et aI.Z9 provides a reliable solution for acetabular cup placement by combining widely available imageintensifier technology with modem free-hand surgical navigation. To the authors' knowledge, there have been no previous reports in the literature on the use of CT-free navigation technology for assisting both acetabular and femoral component placements in THA. In the work described in this paper, we extend and evaluate this newly introduced hybrid CT-free navigation concept for use in complete THA. The special focus will be on angular orientation for accurate placement of the femoral component, as well as on overall change in leg length and lateralization, which can only be controlled when both cup and stem placement are supported by the navigation system.
MATERIALS AND METHODS

System Components
The system is based on the Bernese SurgiGATEB module "CT-free Cup" (medivision, Oberdorf, Switzerland). An optoelectronic camera (Optotrak 3020, Northern Digital Inc., Waterloo, Ontario, Canada), mounted on a movable stand, was used to track the position of optical targets equipped with acquisition. From left to right: C-arm accuracy checker to verify the accuracy of the image intensification; virtual keyboard with built-in joystick hole allowing intraoperative landmark reconstruction controlled by the surgeon; gravity direction measurement tool; and pointer for manual percutaneous digitization of pelvic landmarks. Second row: instrumentation for acetabular cup placement. From left to right: DRB to compensate for pelvic motion; commercial hip instruments (reamer and impactor) modified for optical tracking. Third row: instrumentation for femoral stem placement. From left to right: DRB to compensate femoral motion; commercial PPF shaft instruments (rasps for left and right leg) modified for optical tracking. (b) PPF rasp handle and a selection of rasps. Note that the rasp is attached to the handle through a stable, play-free connection, which allows intraoperative changing of the different sizes of rasps without recalibrating the handle. The surgeon needs to tell the system which size of rasp he/she is using. [Color figure can be viewed in the online issue. which is available at www.interscience.wiley.com.] infrared light-emitting diodes (LEDs). These targets are attached to the surgical object, all surgical tools (Fig. l) , and the image intensifier of a C-arm. Each set of LEDs defines a local coordinate system (COS). Rigid-body transformation data provided by the camera is used to compute real-time intraoperative coordinate transformations between these systems.
A Sun ULTRA 10 workstation (Sun Microsystems, Schwerzenbach, Switzerland) was chosen to handle all of the image processing and visualization tasks. It is connected to the standard video output of the C-arm using an off-the-shelf Osprey-150 video frame-grabber board (Osprey systems, Cary, NC). The workstation communicates with the tracking system through custom software and the associated clientlserver architecture.
According to their functionalities, there are three main sets of navigated instruments used in the proposed system (Fig. 2a) . The first set of instruments comprises those used for hybrid landmark acquisition (as described in the following section), and includes an accuracy checker, a virtual keyboard, and a gravity direction measurement tool, as well as a custom-made pointing device for manual, percutaneous landmark digitization. The next set consists of the instruments used for acetabular cup placement, which include a dynamic reference base (DRB) to compensate for pelvic motion, and standard hip instruments (a reamer and an impactor) modified for optical tracking. The final set comprises the tools for femoral stem placement, namely a DRB to compensate for femoral motion, and standard PPF shaft instruments (cementless PPF shaft system, Biomet-Merck, Darmstadt, Germany; previously available from Stratec Medical, Oberdorf, Switzerland) modified for optical tracking.
The rasp handle is equipped with an LED shield so that it can be tracked by the navigation system (Fig. 2b) . The need for intraoperative navigation of different sizes of rasp has led to the development of a modular femoral rasp system with a special coupling mechanism. It allows free attachment of different sizes of rasp to the handle through a stable, play-free connection. After preparation of the cavity, the handle can be detached, and the remaining rasp allows trial repositioning of the joint prior to insertion of the actual prosthesis.
Hybrid Landmark Acquisition Method
Stereotactic principles were originally established by Clarke and Horsley,3o and have recently been adapted to the needs of modem image-guided surgery by an expert group.3' They generally require a model representation of the surgical object. In 1995. a so-called Surgical Defined Anatomy (SDA) concept was introduced by Dessenne et al. 32 in the context of computer-aided anterior cruciate ligament reconstruction. It uses intraoperatively defined anatomic information as a model representation. One major advantage of SDA is its intraoperative nature, thus avoiding the need for preoperative imaging and the associated surgical planning. More recently, this method was adapted by Langlotz et al. in their hybrid CT-free navigation system for acetabular cup placement.29 In addition, a bi-planar 3D point reconstruction concept based on fluoroscopy-based navigation technology has been proposed by Hofstetter et al.33.34 This allows the definition of deep-seated landmarks that cannot be assessed by a pointing device without additional soft-tissue damage or increased risk of intraoperative infection (Fig. 3) .
Reference Coordinate Systems
Pelvic Coordinate System Jamaraz et aL9 and Langlotz et al.22.29 introduced the Anterior Pelvic Plane (APP) concept in their computer-assisted acetabular cup placement systems. The APP is a reference plane of the human pelvis and allows the exact definition of a corresponding 3D coordinate system (COS). It is based on three landmarks: both anterior superior iliac spines and the geometric center of the two pubic tubercles (Fig. 4) . The origin of the pelvic COS is at the right iliac spine. The pelvic x-axis points to the patient's left, parallel with the line between the iliac spine points, while the pelvic y-axis points superiorly in the AF' P, perpendicular to the x-axis. The z-axis is the resultant crossproduct of the xand y-axes. The angular orientation of the acetabular component can be directly related to the APP.
More detailed information regarding the definition of the angular orientation of the acetabular component will be published ~eparately.~~ It was also hypothesized and verified by Nikou et al.35 that the mean orientation of the APP in the standing patient is vertical and parallel to the body's coronal plane. This p u p also found that the standing position showed a trend toward neutral alignment of the APP, with a mean anterior rotation of 2 degrees relative to the vertical. We can thereby safely define the negative direction of the pelvic y-axis as the pelvic Leg Length Change Direction (LLCD) and the negative direction of the pelvic x-axis as the pelvic Leg Lateralization Direction (LLD) (Fig. 4) . The definition of these two directions allows calculation of the change in leg length and lateralization when the acetabular component is being placed.
Femoral Coordinate System
Noble and c0lleagues3~ demonstrated that there is no universal shape of the femoral canal, and described substantial variability in femoral anatomy and poor predictability of dimensions characterizing the endosteal surface. For an optimal planning procedure and its intraoperative execution, a reference COS based on patient-specific femoral anatomy is needed.
Here, five anatomic landmarks are used to define a patient-specific femoral COS as illustrated in Figure 5a : the center of the femoral head (C), the medullary canal axis of the proximal femur (PA-DA), and the tangential line (M-L) of the posterior femoral condyles. The distal point of the medullary canal axis (DA) is defined as the true middle point of the distal medullary canal of the proximal femur, while the proximal point of the medullary canal axis (PA) should be chosen together with the distal point to create a line that defines an axis in neutral varus/valgus. This implies that an implant is being placed in 0 degrees varus/valgus if the relevant axis of the implant coincides with the said line (Fig. 5b) .
The medullary canal axis and tangential line of the femoral condyles define a reference plane (RP). The z-axis of the associated femoral frame is normal to this plane. The y-axis is assumed to coincide with the medullary canal axis and the x-axis fol- lows the resultant cross product. The projection of the geometric center of the femoral posterior condyle points onto the RP is defined as the knee center (K). Therefore, the projection of the vector from the knee center to the center of the femoral head onto the RP is an approximation for the femoral LLCD. A perpendicular vector to this projection in the RP approximates the femoral LLD (Fig.  5a ). All five anatomic landmarks are obtained with the 3D fluoroscopy-based landmark reconstruction method. They can be uniquely identified from three pairs of registered fluoroscopic images. AP and lateral views showing the femoral head region are used to obtain the femoral head landmark; an AP view and a true lateral image of the knee Serve to define the posterior femoral condyle points; and an AP view and lateral image of the proximal femur are used to determine the medullary canal axis according to the definition given above.
Femoral Component Coordinate System
A common COS is defined for all the different sizes of rasp. The origin of the rasp coordinate frame is at the center of the connecting hole between the rasp handle and the rasp itself (Fig. 5a ). The orientation of this frame is parallel to the symmetry plane of the rasp, with the z-axis normal to this plane. Note that the y-axis lies parallel to the rasping guidance direction, and the x-axis is a vector normal to the y-axis in the symmetry plane.
Orientation of the implant neck relative to the femoral reference frame is characterized by a pair of rotations: varus/valgus and antetorsion (or retroversion), with these being defined as rotation around the z-and y-axes, respectively.
Computation of Overall Changes of Leg Length and Lateralization
The hip joint can be modeled approximately by a ball-and-socket joint.3' Its center of rotation is defined as the common reference point for the pelvic and femoral COSs. In the pelvis, this point is located at the center of the acetabulum (AC), and in the femur at the center of the femoral head (Fig. 6) .
The coordinates of the center of the acetabulum in the pelvic reference COS are calculated from the coordinates of the center of the femoral head in the femoral reference COS. The transformation between the two COSs can be acquired intraoperatively after one DRB is attached to the pelvis and the other one to the femur. A snapshot of the positional relationship between these COSs is recorded before resection and luxation of the femoral head. Changes in leg length and lateralization are calculated separately in the pelvic and femoral COSs. In the pelvic COS, the vector from the center of the acetabulum to the location of the acetabular component center is computed. Its projections onto the pelvic LLCD and LLD indicate change in leg length and lateralization, respectively (Fig. 4) . There is a similar procedure in the femoral COS to determine real-time change in leg length and lateralization. The vector from the center of the femoral head to the location of the femoral component head center is calculated in real time. The decomposed components of this vector along the femoral LLCD and LLD define the change in leg length and lateralization in the femoral COS (Fig. 5a) .
A function to save the last position of any component in its associated COS enables the proposed navigation system to calculate overall changes in leg length and lateralization when the second implant is being placed. After the first component is set in its final position, all navigation parameters, including change in leg length and lateralization, are saved into the computer. During placement of the second component, this information is numerically combined with the real-time parameters to calculate the overall changes in leg length and lateralization.
System Validation
Full details of the comprehensive laboratory and clinical studies that were carried out to validate the system accuracy and reliability, and to show its clinical benefit, are to be published ~e p a r a t e l y .~~ In the present paper, a similiar approach was chosen.
CT-Based System Accuracy Validation of Femoral Component Placement
One prerequisite for the utility of the proposed femoral COS in a surgical setting is that the required functional parameters based on this landmark-based COS can be determined with sufficient accuracy.
To test this basic assumption, seven titanium fiducial markers (medivision, Oberdorf, Switzerland) were inserted into a plastic femur (Sawbones Europe AB, Malmoe, Sweden) , and a CT scan with a slice thickness of 1.25 mm was acquired on selected areas of this bone, i.e., the proximal half including the femoral head and the distal third including both femoral condyles. This resulted in a total of 282 slices.
The scanned CT data were loaded into our planning software.4o This module has an intuitive graphical user interface that presents the surgeon with image data in the form of three associated cuts through the tomographic cube and a 3D model of the bone anatomy. Arbitrary anatomical landmarks can be interactively defined with respect to the CT coordinates and stored in the computer (Fig. 7) .
The fiducial marker positions in CT data were extracted by an independent examiner who was familiar with the planning software. A DRB was fixed onto this bone after the CT scan, and the positions of the seven fiducial markers in this DRB local COS were captured directly with a customized pointing device. Utilizing a simple paired-points matching algorithm, the matching transformation between the CT data and the DRB local coordinate space was calculated.
Next, three pairs of C-arm images were taken of the same plastic bone: (a) an AP and a lateral view of the femoral head; (b) an AP and a lateral view of the proximal femur; and (c) an AP and a true lateral view of the femoral condyles. After resection of the head and preparation of the femoral canal in a standard manner, the last r&p was tightly inserted into the cavity, and its position in the DRB local COS was then recorded. This allowed calculation of all functional parameters for both methods, i.e., C-arm-based and CT-based.
Four individuals-two experienced hip surgeons and two junior orthopedic residents-were asked (a) to define both posterior condyles, the medullary canal axis of the proximal femur, and the femoral head from the CT data provided, and (b) to reconstruct the same landmark set from the corresponding C-arm images. All surgeons had significant experience with both methods prior to the study. Each person was asked to perform both landmark definition and landmark reconstruction 10 times. The defined landmarks from the given CT data were transformed into the DRB local space by the matching transformation described above. A total of 80 test sets of five landmarks defined in the DRB local space were created.
The data were further analyzed statistically by an independent examiner. Each set of five landmarks was used to determine a femoral reference COS. Functional parameters such as antetorsion, varushalgus, change in leg length, and lateralization were calculated based on the positional relationship between this femoral reference COS and the recorded rasp position in the DRB local space. This resulted in 10 CT-based measurement results and 10 fluoroscopy-based measurement results for each surgeon. Reference values for each surgeon were generated by averaging the 10 associated CTbased measurement results. They were statistically compared to those fluoroscopy-based measurement results. This provides a quantitative measure of the accuracy with which the functional parameters can be calculated based on our proposed method.
Pilot Clinical Evaluation
From February to April 2002, 10 patients (mean age 70.6 years, range 58 to 88 years; three male, seven female) were operated with the proposed hybrid CT-free navigation system by one of the authors (K.H.W.). All cases were primary THA. and each operation was performed with the patient in the supine position. During each operation, a set of clinically relevant parameters were recorded, such as total OR time (skin to skin), extra time required for navigation, and blood loss. The system interface and the ways of presenting interactive data and imageguidance information were also evaluated by the surgeon. Because no postoperative CT was acquired due to some restrictions not related to the proposed system, placement accuracy was evaluated on the basis of postoperative X-rays.
SurgicaI Procedure
When using our system, no navigation-related preoperative steps are required. Intraoperatively, the patient is placed on the OR table in the regular way, and the exposure of the hip joint is prepared as usual.
Before the femoral head is resected and luxated, both DRBs must be rigidly fixed to the pelvis and femur (Fig. 8) . Then, a snapshot of the neutral positional relationship between the pelvic COS and the femoral COS is recorded with the femoral head still sitting in the acetabulum. This information is later used to calculate the pelvic coordinates of the center of the acetabulum from the femoral coordinates of the center of the femoral head. Next, four pairs of C-arm images are acquired, i.e., one pair for each of the following anatomical positions: pubic tubercles, femoral head, proximal femur, and femoral condyles (Fig.  9) . Three-dimensional coordinates of all relevant landmarks are then determined interactively as described in ref. 34. Finally, the surgeon digitizes both anterior superior iliac spines percutaneously.
All subsequent surgical action, i.e., resection and luxation of the femoral head, preparation of the acetabulum, and placement of the cup component, as well as preparation of the femoral canal and placement of the stem component, do not differ from the conventional noncomputer-assisted technique. However, there is interactive data and image-guidance information available to the surgeon.
The system displays real-time feedback on the instrument's position and implant size. In addition, all intraoperative parameters, in particular the instrument's final position, can be stored in the computer for intraoperative or postoperative evaluation. Figure 10 . Mean deviation from the reference values of l.Oo, 0.6". 0.7 mm, and 1.7 mm was found for antetorsion, varus/valgus, change in leg length, and lateralization, respectively, with standard deviations (SD) of OS", OS", 0.6 mm, and 0.7 mm, respectively. The following maximum values were also found: 1.8' for antetorsion; 1.9" for varus/valgus; 2.1 mm for change in leg length; and 2.8 mm for lateralization.
RESULTS
System
Pilot Clinical Evaluation
In our early clinical trial, eight of 10 patients were successfully supported by the system. Navigation had to be terminated in two surgeries due to hardware problems: In one case, the femoral DRB moved as it was touched accidentally by the assistant surgeon, while in the other case, the pelvic DRB loosened as the underlying bony fixation was not stable enough. The mean OR time for all successfully supported surgeries (skin to skin) was 135 min (range 110-165 min), including a mean extra time for navigation of 38 min (range 30-55 min).
Mean blood loss was 467 ml (range 300-650 ml), which is slightly higher than in non-navigated procedures. All successfully supported cases were rated as good by the involved surgeon, and no intraoperative or postoperative complications related to the use of our system occurred. Clinical rehabilitation was carried out as usual, and was excellent for all eight patients. They were discharged from the hospital within the regular time frame.
During our pilot clinical trial, all required pelvic and femoral landmarks could be obtained without complication. The anterior superior iliac spines were always captured with the pointing device, and the rest of the landmarks could be easily reconstructed from the associated C-arm images.
Instrument actions such as reaming, impaction, and rasping were visualized for the surgeon by superimposing virtual instrument representations onto the fluoroscopic images, giving on-line visualization of component positioning and implantbone interface contact (Fig. 11) . The on-line calculation of functional parameters provided complete information on relevant positions and orientations of components. The saved final position of the implanted component was also displayed in the In addition, the function to save and use any instrument's final position relative to its associated COS enables the proposed system to guide the surgeon to accurately place the final component in the previously prepared space (Fig. 12) .
During our first few clinical cases, verification images were taken to check the implemented component positions. Because a perfect match was observed between the real projection and the calculated virtual projection of the component (Fig.   13 ), verification images were not taken in later cases. In each case, an additional step was performed with a customized accuracy checker to visually verify the system accuracy of the navigated fluoroscopy.
DISCUSSION
Most of the work that has been published on cornputer-assisted total hip arthroplnsty (THA) is limited to one component only, either the cup22-zs.2Y or the ~tem.2~.2* However, clinically important joint parameters, such as the change in leg length and joint offset, as well as the free range of motion (ROM), require a combined navigation of both implants. DiGioia et al.24 and Sugano et a1.3*J9 developed CT-based systems that allow for preoperative ROM simulation and intraoperative total joint navigation; respectively. However, the CT scan that is required for this type of navigation necessitates a significant additional radiation dose to the patient and increases the preoperative preparation time, consequently increasing the cost of the overall pro~edure.'~ So far, no navigation system has been introduced that replaces the CT scan by an alternative imaging modality during THA surgery. Thus, to the authors' best knowledge, our work is the first investigation on the use of CT-free navigation technology for combined cup and stem navigation.
The proposed hybrid CT-free navigation system for THA is an extension of our CT-free cup system described e l s e~h e r e .~~.~ It uses the same method for landmark acquisition, as well as the same SDA concept, to create reference COSs for related anatomy, so a repeat validation of the basic navigation principles of the proposed system is not required. Only the proposed reference system for the new anatomic area, the human femur, has to be evaluated. Based on a CT scan that we considered to be the "gold standard" and a set of C-arm images, four surgeons were asked to define the landmark-based femoral reference COS. The resulting maximum variations for the angular orientation of the stem and its translation of 1.9" and 2.8 mm, respectively, show that the landmark-based navigation concept can be extended to the femoral side. Next, we compared the quality of fluoroscopic images of plastic and cadaveric bone (the cadavers were specially fixed according to the method developed by Thiel in 199241) with images taken from real patients acquired independently of our study. It was found that the quality of the images of real patients was significantly higher than that of images of plastic and cadaveric bones (Fig. 14) . One reason for this might be the degen- eration of the cadaver skeletons due to the fixation process. Therefore, additional valuable information could not be gained from further tests on plastic andlor cadaveric bones and we therefore proceeded with in situ trials.
The clinical trials showed that the proposed system could be successfully integrated into the standard procedure of a THA operation. Although a mean increase in OR time of 38 min was observed, we believe that this can be significantly reduced. The small dimensions of the C-arm used for our clinical study (Philips BV-25 GOLD, 6" image intensifier) and the resulting limited field of view certainly had an influence on the time needed for C-arm orientation and image acquisition. Particularly during the early cases, images had to be taken multiple times to ensure proper visibility of the anatomic structures required for landmark reconstruction. A larger fluoroscope and a standardization of the different fluoroscopic projections would certainly reduce the additional time required for navigation. Furthermore, the handling of the socalled virtual joystick that is used for sterile reconstruction of the landmarks from the fluoroscopic images is sometimes cumbersome. For CT-free cup placement, where a maximum of two landmarks need to be defined, the virtual joystick is sufficient. However, during a combined navigation, at least six reconstructiohs are required, and the time for the related user interaction is too long. Further modifications of the man-machine interface, for example, the use of a touch screen, are currently under investigation.
In computer-assisted surgery, fixation of the DRB is crucial. We reported two early incidents of loosening. Although the OR team was trained not to touch the DRB during surgery, this cannot always be prevented, especially in difficult anatomic cases. Based on these intraoperative experiences, we further improved our fixation mechanism, resulting in a stable fixation based on two 3-mm K-wires that provides a rigid connection between the DRB and the bone. No loosening was detected during subsequent surgeries.
The proposed system has been tested on plastic models, and was evaluated with a pilot clinical trial involving 10 patients. Currently, the clinical outcome using the proposed CT-free navigation system is evaluated with a single postoperative X-ray film. Although all successfully supported cases reported in this paper have achieved good clinical results, we feel that it would be better to use a postoperative CT scan as a "gold standard." This would allow quantitative measurement of the clinical accuracy of the proposed system. Still, this is difficult to justify, primarily due to the additional radiation exposure, but also in regard to the cost involved.
Nevertheless, with the current system, there is a decrease in the amount of radiation required for a navigation treatment, because no preoperative CT data acquisition is necessary, and the fluoroscopybased navigation is equivalent to the standard use of an image intensifier operating in constant mode. The conceptual layout of the system's interface, the design of hardware and software, and the presen-Carm image of a plastic bone Carm image of a real bone tation of interactive data and image-guidance information for all instrument actions to the surgeon were successfully validated. The pilot clinical evaluation has also led to planning of a comprehensive study that will include postoperative CT scans.
CONCLUSIONS
In summary, this is the first time that CT-free navigation technology has been utilized for guiding femoral component placement. The previously introduced hybrid landmark acquisition concept was used to effectively locate superficial as well as deep-seated landmarks. A patient-specific femoral coordinate system based on these landmarks was introduced to calculate all important functional parameters for femoral component placement. For the first time, the determination of the overall change in leg length and lateralization was possible based on a CT-free system. It might be expected that the proposed system will combine the accuracy achieved through use of a CAS system with the economic benefit of minimizing the time and radiation exposure required for a treatment.
